Cas NS-1 is an acutely transforming murine retrovirus that induces pre-B and pro-B cell lymphomas. Molecular cloning showed it was generated from the ecotropic Cas-Br-M virus by sequential recombinations with endogenous retroviral sequences and a cellular oncogene. The oncogene sequence shows no homology with known oncogenes but some similarity to the yeast transcriptional activator GCN4. A 100-kDa gag-cbl fusion protein, with no detectable kinase activity, is responsible for the cellular transformation. The cellular homologue of v-cbl, present in mouse and human DNA, is expressed in a range of hemopoietic lineages.
The ability of retroviruses to recombine with host chromosomal DNA has enabled the identification of genes with cancer-causing potential, collectively known as oncogenes (for reviews, see refs. [1] [2] [3] . From studies of avian and mammalian retroviruses numerous oncogenes have been isolated and this has led to dramatic progress in the definition and understanding of the molecular basis of cancer. We have been examining the tumors that develop in mice after infection with an ecotropic retrovirus called Cas-Br-M. This virus was originally isolated from a wild mouse of the Lake Casitas region of California (4) and induces T-and B-cell lymphomas, erythroleukemia, and myeloid leukemia with latent periods of [5] [6] [7] [8] months (5) . It remains unclear whether Cas-Br-M generates this range of tumors by infecting multipotential hemopoietic cells or by infecting cells committed to a lineage. Furthermore, the etiological agent in some of these tumors is a recombinant virus formed soon after inoculation (6) . This class of murine retrovirus is termed mink cell focus-forming (MCF) virus and evolves by recombination between the infecting ecotropic virus and nonecotropic retroviral sequences present in the mouse genome (7, 8) .
To determine the relative importance of Cas-Br-M and MCF viruses in the induction of hemopoietic neoplasms, cell-free extracts were prepared from a range of tumors arising in NFS/N mice inoculated at birth with Cas-Br-M (6) . These extracts were inoculated into newborn NFS/N mice since it was reasoned if Cas-Br-M was the tumor-inducing virus, then each extract should produce a range of tumor phenotypes with a long latent period. Alternatively, if lineage-specific MCF viruses in the extracts were the dominant tumor-inducing agents, then the tumors should correspond to the primary tumor and the latency should be reduced. The results from 3 of 12 extracts tested were consistent with the latter possibility (6) .
One of the three extracts producing a high proportion of tumors with the same phenotype as the primary tumor and a reduced latency was called Cas NS-1. This extract was prepared from the spleen of a mouse with a pre-B cell lymphoma that developed 28 weeks after Cas-Br-M infection. Injection of the Cas NS-1 extract into newborn NFS/N mice resulted in a high proportion of pre-B cell lymphomas with a mean latent period of 16 weeks. This result indicated that a tumorigenic virus with a lineage preference had been generated. To characterize this virus further, the extract was added to mouse fibroblasts. Unexpectedly (6) . Histologic diagnoses were made on the basis of microscopic examinations of tissues fixed in Tellyesnickie's solution, sectioned, and stained with hematoxylin and eosin (5) .
Pulse-Labeling and Immune Precipitation. Cells were pulselabeled for 30 with murine retroviral long terminal repeat, gag, and env probes (12, 13) . For sequencing, DNA fragments were subcloned into M13mp18 and -mpl9 by using the restriction sites indicated in Fig. 3 . The sequence was determined unambiguously on both strands and across all cloning sites using the chain-termination method (14) . Amino Acid Sequence Alignment. GCN4 (15, 16) and v-cbl sequences were first compared with the programs RELATE and SEARCH developed by Dayhoff (17) . Optimal alignments of similar sequences were then obtained with the program ALIGN using the mutation data matrix, a matrix bias of +6, and a break penalty of 6 (17) . The program calculates an alignment score by comparison of the score for the optimal alignments ofthe given sequences with the mean score for the optimal alignments of 100 random permutations of the given sequences. Alignment scores >3.0 SDs are usually taken as an indication of relatedness (17) .
DNA and RNA Analysis. DNA samples (10 Ag) were digested with restriction enzymes, separated on 0.8% agarose gels, denatured, and transferred to nitrocellulose membranes (18) . Poly(A)+ RNA (4 ,ug) was electrophoresed through a 1% agarose gel containing 6% (vol/vol) formaldehyde and lx Mops buffer (11) and transferred to nitrocellulose (19) . DNA and RNA membranes were hybridized overnight at 420C in a solution containing 5x SSC, 50% formamide, 0.2% NaDodSO4, 1 x Denhardt's solution, denatured salmon sperm DNA at 50 ,ug/ml, and 10% (wt/vol) dextran sulfate (19) ( x SSC = 0.15 M NaCl/0.015 M sodium citrate, pH 7.0; 1x Denhardt's = 0.02% polyvinylpyrrolidone/0.02% Ficoll/0.02% bovine serum albumin). The probes were 3p_ labeled by using a random-primer kit (BRESA Biotechnology, Adelaide, South Australia). Stringent washes were at 60°C in 0.1x SSC plus 0.1% NaDodSO4.
RESULTS
Transformation of Early B-Lineage Cells. The Cas NS-1 tumor extract showed the expected presence of Cas-Br-M (assayed by XC plaques) and MCF viruses (assayed by focus formation in mink lung cells). To separate the transforming virus, the extract was added to NRK cells and transformed clones that lacked reverse transcriptase activity were selected. A clonal, transformed nonproducer cell line, free of ecotropic and MCF viruses, was obtained and used for further biological and molecular analyses.
To ensure that the nonproducer cells contained viral sequences associated with transforming activity for hemopoietic cells, the line was superinfected with ecotropic viruses and the supernatants were inoculated into newborn and adult mice. Twenty newborn NFS/N mice infected with CasBr-M, Moloney, or Akv pseudotypes of Cas NS-1 and 13 newborn BALB/c mice infected with Moloney virus pseudotypes developed pre-B or pro-B cell lymphomas with a mean latent period of 15 weeks. These diagnoses were based on the expression of early B-lineage cell-surface markers (see Discussion) and immunoglobulin heavy chain gene rearrangements (data not shown). In contrast to newborns, no tumors were observed in adult-infected NFS/N, 129/J, SWR/J, C58/J, or DBA/2J mice. also express the 100-kDa protein (Fig. 1C, lane 1) , thus implicating it as a gag-onc fusion protein responsible for fibroblast and pre-B cell transformation. The 100-kDa protein could also be precipitated with antisera to two other gag proteins, p15 and p30, but was precipitated only weakly with antiserum to the p1O gag protein that is encoded by sequences at the 3' end of the viral gag gene (data not shown). Spleen cells from pre-B cell lymphomas induced by the Cas NS-1 viral extract also express high levels of the 100-kDa protein (Fig. 1D, lane 1) , along with the gag precursor of the helper virus. The 100-kDa Cas NS-1 protein can be labeled with [32P]orthophosphate but does not contain detectable kinase activity, as it lacks the ability to autophosphorylate or phosphorylate immunoglobulin heavy chain proteins (data not shown). In addition, it does not appear to undergo N-linked glycosylation or myristoylation (data not shown).
A Transforming Virus with an MCF Envelope. DNA extracted from the transformed NRK cells and digested with restriction enzymes was examined by Southern blot hybridization by using probes spanning the murine retrovirus genome. These experiments identified a provirus with a 7.4-kilobase-pair (kbp) genome that contained a recombinant MCF envelope gene. This was determined by hybridization to a probe that recognizes the env sequences of xenotropic and MCF viruses but not ecotropic viruses (12) . Consistent with this, the transforming virus did not hybridize to an ecotropic-specific env probe (13) . To molecularly clone the Cas NS-1 provirus, genomic
The molecular cloning of the Cas NS-1 virus enabled DNA libraries were prepared from the transformed NRK detailed restriction mapping (Fig. 2) . Cas NS-1 has identical cells by using the A bacteriophages Charon 4A and BF101.
long terminal repeat and gag restriction sites to Cas-Br-M Both libraries were screened with a long terminal repeat (20) , but on the 3' side of the gag Xba I site the restriction probe and positive clones were further characterized with gag sites are unique to Cas NS-1. This divergence extends and env probes. The largest ABF101 clone in combination through the endogenously derived BamHI and Xba I sites with a Charon 4A clone gave the entire genome of the that are also present in the pol gene of some MCF viruses transforming virus. The two clones were ligated using an (21) . Restriction mapping in this region, therefore, indicates overlapping Bcl I site common to MCF virus envelopes (Fig. the generation of Cas NS-1 involved the loss of the entire 2), and for ease ofmanipulation the viral DNA was subcloned Cas-Br-M pol gene and substitution with an oncogene and into a pUC plasmid. DNA from this clone was transfected endogenous pol sequences. The Cas NS-1 envelope contains into NIH 3T3 fibroblasts and within 2 weeks foci of transrestriction sites common to MCF viruses, notably the EcoRI, formed cells were evident.
Pvu II. and Bcl I sites.
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Lys Cas NS-1 Contains the Oncogene v-cbl. To define precisely the extent of oncogene and endogenous retroviral recombination involved in the generation of the Cas NS-1 virus and to determine whether the oncogene is related to known oncogenes, the viral DNA was sequenced from the gag p30 Xba I site to the endogenous poi BamHI site (Fig. 3) . The position of the oncogene junction was determined to be in the gag gene for p1O at a position that removed the terminal 24 gag-encoded amino acids. Although the Cas-Br-M gag region has not been sequenced, the gag sequence of Cas NS-1 shows sufficient similarity to Moloney (22) and Akv (23) viruses (90% and 83% identity, respectively) that the gag-onc junction could be determined readily. The sequence on the 3' side of the gag-onc junction showed that the open reading frame continued for a further 1170 nucleotides to a TAG stop codon at nucleotide 1515 (Fig. 3) . This results in the translation of 390 amino acids of nonviral origin that contributes 43 kDa to the 100-kDa fusion protein.
Extensive computer searches (GenBank Release 55) of the nucleic acid and protein data bases failed to find any oncogene with significant sequence similarity to the transforming gene of Cas NS-1. This indicates the virus contains an oncogene, which we named v-cbl. The only amino acid sequence to show any significant similarity to v-cbl is the yeast regulatory protein GCN4, which binds to DNA and functions as a transcriptional activator (24) (25) (26) . Interestingly, the two regions of similarity occur in those parts of GCN4 that are required for transcriptional activation and DNA binding. Transcriptional activation by GCN4 requires a 19-amino acid segment in the middle of the molecule (27) . In Fig. 4a the alignment of 15 of these GCN4 amino acids with 15 amino acids from the middle of v-cbl (residues 150-164 counted from the amino terminus) shows 7 identities with no breaks. The importance of this similarity is unclear since "activating regions" are characterized by a functionally important acidic domain but show marked variations in their amino acid sequences (27, 28) . Possibly more relevant is the homology of v-cbl to the GCN4 DNA-binding domain of 60 amino acids in the carboxyl-terminal region (27) . Within this region, v-cbl shows 18 identities out of 61 possible matches (i.e., 29% identity), which is equivalent to the similarity between v-fos and GCN4 (29) . The alignment and statistical significance of this similarity are shown in Fig. 4b oncogene does not show a significant similarity to the avian v-jun oncogene, which has a 44% identity to GCN4 within the carboxyl terminus (29) . Although the two alignments shown in Fig. 4 are highly suggestive of homology between v-cbl and GCN4, it remains to be determined whether v-cbl functions as a transcriptional activator in the same manner as GCN4 and the v-jun and v-fos oncogenes (30) (31) (32) . Additional features of interest in the v-cbl sequence include a region containing 10 glycines over a stretch of 14 amino acids immediately after the Sac I site at the 5' end of the v-cbl gene, and a repeat of 6 histidines 11 amino acids upstream from the last glycine repeat. The chicken c-fps oncogene also contains a repeat of 6 histidines (33), but the amino acids on either side of the histidines in c-fps show no similarity to v-cbl. The sequence data do not predict a protein kinase domain or a zinc-finger structure.
The nontranslated sequences on the 3' side of the v-cbl open reading frame are similar to Moloney and Akv pol sequences (78% and 83% identity, respectively). This finding and the presence of the Xba I and BamHI sites found in endogenous pol genes (34) proved this region to be retrovirusrelated but derived from the NFS/N genome.
c-cbl in Mouse, Rat, and Human DNA. A 418-base pair (bp)
EcoRI-Pst I fragment from v-cbl ( Fig. 2 ) was used to probe mouse, rat, and human DNA and detected sequences in all species (Fig. 5 ). The degree of sequence similarity of v-cbl to the human c-cbl gene appears high since the hybridization was carried out under stringent conditions. To study the expression of c-cbl, RNA was prepared from a range of hemopoietic tumor cell lines (35) and examined with the v-cbl probe. A large 10.7-kilobase (kb) mRNA was detected in cells of the B, T, erythroid, myeloid, and mast cell lineages. The B-cell tumor WEHI-231 showed two additional c-cbl mRNA species of 12.2 kb and 8.2 kb that appeared to be expressed at levels equivalent to the 10.7-kb species. Smaller mRNAs were also detected in a number of other lineages, notably a 6.2-kb mRNA in the plasmacytoma MPC-11, but they were less abundant than the 10.7-kb mRNA. (Fig. 3) and GCN4 amino acids 111-125 (15, 16 (43, 44) . The oncogenes of these viruses, v-abl and v-rel, respectively, show no significant nucleotide or amino acid similarities to v-cbl. Furthermore, the v-abl gene product is a tyrosine kinase (45) . A comparison between v-cbl and v-abl is worth noting since both induce tumors that are histologically and phenotypically similar. The tumors are classified as lymphoblastic lymphomas and in the majority of cases they exhibit the same pre-B cell phenotype-i.e., they are negative for surface immunoglobin and Thy-1 but positive for the early B-lineage markers Ly-5 (B220) and Lyb-2. However, 10% of the v-cbl-induced lymphomas coexpress early B-lymphoid antigens and the macrophage marker Mac-1. Tumors of this phenotype have been designated pro-B cell lymphomas (46) , and their normal counterparts are found in fetal liver and newborn marrow and spleen (47) . Lymphomas induced by v-cbl also differ from those induced by v-abl in their longer latencies and the resistance exhibited by adult mice. This is consistent with the suggestion that a very early B-lineage cell, represented at higher levels in newborns than adults, is the target for transformation by v-cbl.
DISCUSSION
The isolation of this oncogenic retrovirus is a further example of Cas-Br-M generating an interesting recombinant. During our investigation of the tumors of Cas-Br-M infected mice, we have isolated a spleen focus-forming virus (36) , an MCF virus that rapidly induces T-cell lymphomas (6) , and the v-cbl oncogene reported here. These viruses were detected by inoculating newborn mice with cell-free extracts of primary tumor tissues and it is possible that further experiments using this approach would detect more recombinants.
